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METHOD AND APPARATUS TO DETECT A
CONDUCTIVE BODY

RELATED APPLICATIONS

This application 1s an U.S. National Stage Filing under 35
US.C. 371 from International Application No. PCT/
US2011/046394, filed on 3 Aug. 2011, and published as WO
2013/019224 Al on 7 Feb. 2013, which application and
publication are incorporated herein by reference in their
entirety.

TECHNICAL FIELD

The present invention relates generally to apparatus for
making measurements related to o1l and gas exploration.

BACKGROUND

In drilling wells for o1l and gas exploration, understanding,
the structure and properties of the associated geological
formation provides information to aid such exploration. In
addition, drilling can be enhanced with systems and methods
to detect conductive bodies below the earth’s surface. The
conductive bodies can include metal piping used 1n various
drilling techniques, where the positioning of the metal
piping can be important to the drilling operation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example system to determine a
position of a conductive body, 1n accordance with various
embodiments.

FIG. 2 shows example features of a method to determine
a position of a conductive body, 1n accordance with various
embodiments.

FIG. 3 shows an example of a tool structure to detect a
conductive body, 1n accordance with various embodiments.

FIG. 4 shows an example of the tool structure of FIG. 3
having two pairs of coil antennas, in accordance with
various embodiments.

FIG. 5 shows a sinusoidal wave resulting from a recerved
V,, signal corresponding to a tool, such as shown in FIG. 4,
at different positions around a conductive body, 1n accor-
dance with various embodiments.

FIG. 6 shows a geometry for modeling a voltage magni-
tude to distance relation, in accordance with wvarious
embodiments.

FIG. 7 shows modeled results of a casing as a conductive
body 1n a homogeneous formation, where the casing 1s
located at varying distances from a detecting tool, in accor-
dance with various embodiments.

FIG. 8 shows an example of a tool to detect a conductive
body using two tilted receiver coils, 1n accordance with
various embodiments.

FIG. 9 shows modeled signals received by tilted coils R
and R, such as shown in FIG. 8, at various points of the tool
arranged around a casing, 1 accordance with various
embodiments.

FI1G. 10 depicts a block diagram of features of an example

system having a tool configured with receiver sensors, 1n
accordance with various embodiments.

FIG. 11 depicts an example system at a drilling site, where
the system includes a tool configured with receiver sensors,
in accordance with various embodiments.

DETAILED DESCRIPTION

The following detailed description refers to the accom-
panying drawings that show, by way of illustration and not

10

15

20

25

30

35

40

45

50

55

60

65

2

limitation, various embodiments in which the invention may
be practiced. These embodiments are described 1n suilicient
detail to enable those skilled in the art to practice these and
other embodiments. Other embodiments may be utilized,
and structural, logical, and electrical changes may be made
to these embodiments. The various embodiments are not
necessarlly mutually exclusive, as some embodiments can
be combined with one or more other embodiments to form
new embodiments. The following detailed description 1s,
therefore, not to be taken 1n a limiting sense.

FIG. 1 shows a block diagram of an embodiment of a
system 100 to determine a position of a conductive body.
System 100 includes a tool structure 105 having an arrange-
ment of sensors 111-1, 111-2 . . . 111-(N-1), 111-N along a
longitudinal axis 117 of tool structure 105. Each sensor
111-1, 111-2 . . . 111-(N-1), 111-N can be utilized as a
transmitting sensor or a recerving sensor under the control of
control unmit 115. Control unit 115 1s operable to manage
generation of a probe signal from one or more transmitter
sensors in the arrangement of sensors 111-1, 111-2 . . .
111-(N-1), 111-N and to manage collection of received
signals at the receiver sensors 1n the arrangement of sensors
111-1, 111-2 . . . 111-(N-1), 111-N. Control unit 115 1s
operable to select one or more transmitter sensors from
among the sensors in the arrangement of sensors 111-1,
111-2 . . . 111-(N-1), 111-N and to select one or more
receiver sensors from among the sensors 1n the arrangement
of sensors 111-1, 111-2 . . . 111-(N-1), 111-N such that the
selected recerver sensors are arranged to substantially cancel
a primary signal associated with a probe signal generated by
a transmitter sensor in the arrangement of sensors 111-1,
111-2 . . . 111-(N-1), 111-N without rotating the receiver
sensors to cancel the primary signal and to capture a
secondary signal generated from a conductive body below
the earth’s surface. The primary signal can be cancelled such
that the primary signal 1s completely canceled or cancelled
to a level that the primary signal 1s essentially cancelled. The
conductive body 1s separate from structure 105 by a distance
determined from received signals in the arrangement of
sensors 111-1, 111-2 . . . 111-(N-1), 111-N. System 100 can
include a data processing umt 120 to process the received
signals to determine the position of the conductive body

The arrangement of sensors 111-1, 111-2 . . . 111-(N-1),
111-N can 1nclude, but 1s not limited to, an arrangement of
pairs of receivers that are symmetric to a plane aligned with
longitudinal axis 117. The arrangement of pairs of receivers
can provide cancellation of a primary magnetic field without

rotating the pairs of receivers. The arrangement ol sensors
111-1, 111-2 . . . 111-(N-1), 111-N can include a tilted coil

installed concentric with tool structure 105, where the tilted
coll performs the same as a pair of straight coils 1n cancel-
lation of a primary magnetic field. For arrangements in
which sensors 111-1, 111-2 . . . 111-(N-1), 111-N are tilted,
cach tilted sensor can be arranged with respect to longitu-
dinal axis 117.

Sensors 111-1, 111-2 . . . 111-(N-1), 111-N can include a
variety of diflerent types of receiving sensors. The receiving
sensors 1n sensors 111-1, 111-2 . . . 111-(N-1), 111-N can be
realized as any device that measures or collects for process-
ing a magnetic field. For example, coil antennas or magne-
tometers can be used. Such receiving sensors are configured
to measure or collect for processing a magnetic field emitted
from a conductive body, as a result of a probe signal
generated from a transmitter arranged in sensors 111-1,
111-2 . . . 111-(N-1), 111-N. The probe signal generated
from a transmitter arranged in sensors 111-1, 111-2 . . .
111-(N-1), 111-N causes a current to flow in the conductive
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body. The receiving sensors in sensors 111-1, 111-2 . . .
111-(N-1), 111-N are arranged to collect a magnetic field
generated by this current, which provides this secondary
field. From the secondary field, the conductive body can be
detected. The conductive body may be a casing 1in formation
layers below a surface drilling region. The conductive body
may be a casing 1n formation layers below the bottom of a
water region, for example, associated with offshore drilling.
The conductive body may include other piping and conduc-
tive structures associated with drilling operations.

The transmitting sensor in the arrangement of sensors
111-1, 111-2 . . . 111-(N-1), 111-N can include a focused
clectric dipole source to induce an electric current in a region
exterior 102 to tool structure 1035. The receiving sensors 1n
the arrangement of sensors 111-1, 111-2 . . . 111-(N-1),
111-N can include two sets of non-parallel coil antennas.
The recerving sensors can include two sets of coil antennas
such that the two sets are non-parallel. Each pair of the two
sets of non-parallel coil antennas can be symmetrically
installed with respect to a plane that i1s aligned with a
longitudinal axis of tool structure 105. The rece1ving sensors
in the arrangement of sensors 111-1, 111-2 . . . 111-(N-1),
111-N can include one or more pairs of tilted coils 1nstalled
concentric on tool structure 105. The tilted coils 1n each pair
may be oriented orthogonal to each other.

Control unit 115, which manages the generation of trans-
mission signals and which can manage the collection of
received signals corresponding to the transmission signals,
can conduct the generation of transmission signals to pro-
vide signals of different frequencies. The collected recerved
signals can be provided to data processing unit 120 1n
appropriate format to perform inversion on data generated
from signals acquired at receiving sensors in the arrange-
ment of sensors 111-1, 111-2 . . . 111-(N-1), 111-N. Data
processing unit 120 can be structured to utilize a forward
model to perform the inversion on data generated from
signals acquired at receiving antennas. This forward model
can be used to determine a distance to a conductive body
such as a pipe located below the earth’s surface. This
distance can be determined as a function of the received
signal and resistivity of the formation into which the probe
signal 1s directed. The conductive body to be detected 1s
disposed in formation structure and can be viewed as a
formation structure. A look-up table for the distance involv-
ing one or more characteristics of the received signal and
formation resistivity can be constructed through forward
modeling. With such a table, received signals can be
matched with entries 1n the table to determine the distance.

FIG. 2 shows example features of an embodiment to
determine a position of a conductive body. The conductive
body may be a casing, or other piping, located downhole
and/or underwater. At 210, a probe signal 1s generated from
a transmitting sensor ol a tool. The tool can be disposed
below the earth’s surface, such as downhole and/or under-
water. Generating a probe signal from a transmitting sensor
can include using an electric dipole source to induce an
clectric current 1n a region outside the tool.

At 220, signals are received in receiving sensors of the
tool 1n response to generating the probe signal, where the
receiving sensors are arranged to substantially cancel a
primary signal associated with the probe signal without
rotating the receiving sensors to cancel the primary signal.
The primary signal can be cancelled such that the primary
signal 1s completely canceled or cancelled to a level that the
primary signal i1s essentially cancelled. These receiving
sensors can capture a secondary signal generated from the
conductive body below the earth’s surface. The primary
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signal can include a primary magnetic field and the second-
ary signal can include a secondary magnetic field. Receiving
signals 1n recerving sensors of the tool can include using two
sets of non-parallel antennas as receiver sensors. Receiving
signals 1n receiving sensors of the tool can include using a
single pair of tilted coils installed concentric on a collar on
which the tool 1s mounted. The tilted coils 1n the single pair
can be oriented orthogonal to each other.

At 230, the received signals are processed to determine a
position of the conductive body. The tool can be positioned
approximately parallel to the conductive body. The tool and
the conductive body can be positioned roughly horizontal.
The tool and the conductive body can be positioned roughly
vertical. The tool can be positioned at different angles with
respect to the conductive body. Processing the received
signals can include determining an azimuthal angle associ-
ated with the conductive body and a distance to the con-
ductive body. Determining the azimuthal angle and the
distance can include determining the azimuthal angle and
the distance, while the tool 1s mounted on a non-rotational
collar. Processing the received signals can include determin-
ing characteristics of the conductive body. Determining
characteristics of the conductive body can include whether
the conductive body 1s a casing associated with a well.

In various embodiments, systems and methods are used to
provide downhole casing detection, which can include locat-
ing the azimuthal angle and the distance of the casing with
respect to the tool making the measurements. Coi1l antennas
may be used to pick up magnetic fields. The configuration of
the coil antennas can be designed eflectively to cancel the
primary {lield associated with activating a transmitter
antenna to facilitate the extraction of a secondary field
coming from the casing. Two sets of non-parallel antennas
as recervers can be used such that the azimuthal angle and
the distance to the casing can be calculated while the tool 1s
mounted on a non-rotational collar. The system may include
deploying a tool substantially parallel to the casing, or other
piping, to be detected, where the tool has receiver antennas
arranged to cancel substantially a primary signal without
rotating the receiver antennas to cancel the primary signal
and to capture a secondary signal generated from the casing,
or other piping, below the earth’s surface. The primary
signal can be cancelled such that the primary signal 1s
completely canceled or cancelled to a level that the primary
signal 1s essentially cancelled. The casing, or other piping,
may be positioned 1n a formation and/or underwater. Such
apparatus and methods can also be used for steam-assisted
gravity drainage (SAGD) steering.

Typically, a SAGD technique includes using twin wells,
one drilled relative to the other. For twin horizontal wells,
one well 1s drilled above the other, and steam 1njection 1s
used to enhance the recovery of heavy oil. Steam 1njected to
the upper well, for example, provides for heating of o1l. The
heated heavy o1l and condensed steam are produced from the
lower well. Such methods can provide reduced o1l viscosity,
along with improved sweep and displacement efliciency,
which can result 1n a higher percentage of recovery than
other traditional methods.

By allowing two or more wellbores to be positioned
within extremely tight tolerances, magnetic ranging tech-
nology can help eliminate positional uncertainty of conven-
tional surveys and can provide more precise tolerance for
SAGD wells. The systems and methods, 1n accordance with
the teaching herein, can be used to provide SAGD steering.
Such SAGD steering can be applied to non-horizontal wells.

Various components of a system including a tool, having
one or more sensors operable such that selected receiver
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sensors are arranged to substantially cancel a primary signal,
associated with a probe signal generated by a transmitter
sensor, without rotating the receiver sensors to cancel the
primary signal and to capture a secondary signal generated
from a conductive body below the earth’s surface, as
described herein or 1n a similar manner, may be realized 1n
combinations of hardware and software based implementa-
tions. The primary signal can be cancelled such that the
primary signal 1s completely canceled or cancelled to a level
that the primary signal 1s essentially cancelled. These imple-
mentations may include a machine-readable storage device
having machine-executable instructions, such as a com-
puter-readable storage device having computer-executable
instructions, to generate a probe signal from a transmitting
sensor of a tool, which can be disposed below the earth’s
surface; to receive signals 1n receiving sensors of the tool 1n
response to generating the probe signal, where the receiving,
sensors are arranged to cancel substantially a primary signal
associated with the probe signal without rotating the receiv-
ing sensors to cancel the primary signal and to capture a
secondary signal generated from a conductive body below
the earth’s surface; and to process the receirved signals to
determine a position of the conductive body. The primary
signal can be cancelled such that the primary signal 1s
completely canceled or cancelled to a level that the primary
signal 1s essentially cancelled. The instructions can include
instructions to manage the tool, detect conductive bodies,
and provide SAGD steering operation in accordance with
the teachings herein. Further, a machine-readable storage
device, herein, 1s a physical device that stores data repre-
sented by physical structure within the device. Examples of
machine-readable storage devices include, but are not lim-
ited to, read only memory (ROM), random access memory
(RAM), a magnetic disk storage device, an optical storage
device, a flash memory, and other electronic, magnetic,
and/or optical memory devices.

To detect a downhole parallel casing, an -eflective
approach can use a long drilling collar for antennas to 1nject
clectric currents into the formation. When the currents hit
the casing, a longitudinal current forms along the casing,
which generates secondary magnetic fields. The receivers on
a tool can pick up the secondary magnetic fields and obtain
the casing information by processing received data. Mag-
netometers have been used as receivers in conventional
systems. The magnetic fields 1in the formation are composed
of two components, the primary field generated by the
currents on the drilling collar and the secondary field from
the casing. The primary field 1s much stronger than the
secondary field such that it may be diflicult to extract the
secondary field from the signals received by magnetometer
receivers 1n conventional systems.

FIG. 3 shows an example embodiment of a tool structure
305 to detect a conductive body 301. Paired receivers 310-1
and 310-2 can be used to receive a magnetic field. In some
embodiments, magnetometers can be used as paired recei1v-
ers 310-1 and 310-2. In other embodiments, coil antennas
310-1 and 310-2 can be used to receive a magnetic field
rather than magnetometers. Coil antennas 310-1 and 310-2
can be structured as a single tilted coil around the collar or
as a pair of plane-symmetrical coils whose moments are
perpendicular to the collar axis. As a single tilted coil around
the collar or as a pair of plane-symmetrical coils, this tool
can be applied on a rotation collar to find and cancel the
primary field to locate conductive body 301. Tool structure
305 can include a transmitter 312. In an application, con-
ductive body 301 can be a casing of a drilling operation.

10

15

20

25

30

35

40

45

50

55

60

65

6

I1 the collar does not rotate, the magnitude and the source
location of the secondary field are not able to be determined
using received signals by one pair of coils, that 1s, the
location of the conductive body 301 cannot be determined.
In various embodiments, tool 305 can be structured to have
at least two pairs of coil antennas. The two pairs can be
orthogonal to each other to simplily data processing algo-
rithm. However, the two pairs can be oriented at any angle
other than zero degrees. Each pair can be symmetrically
installed with respect to a plane that 1s aligned with the collar
axis.

FIG. 4 shows an example embodiment of tool structure
305 to detect conductive body 301 having two pairs of coil
antennas. One pair includes coil antenna 310-1 and coil
antenna 310-2 that are symmetrical with respect to the plane
YZ. The other pair includes coil antenna 310-3 and coil
antenna 310-4 that are symmetrical about the plane XZ.
Signals from the paired coil antennas can be combined 1n the
following way,

V.=(VeointVcoin)/2 (la)

V=V cointVcona)/ 2 (1b)

where V_ and V , represent the received voltages by coil pair
3-4 and coil pair 1-2, respectively. Based on the orientations
of the coils, coil antenna 310-1 and coil antenna 310-2 only
receive y-component of the magnetic field, and coil antenna
310-3 and coil antenna 310-4 only receives x-component of
the magnetic field. Similar results occur with other types of
receiving sensors.

Physically, the primary magnetic field lies i the O-di-
rection and lies symmetrical around the collar axis. The
primary magnetic field i1s in opposite direction when pen-
etrating the two coils 1n each pair. Hence, the contribution of
the primary magnetic field has been canceled in V_and V.
On the other hand, the secondary magnetic field from
conductive body 301 stays in the same direction at two
paired coils, and their contribution to the received voltage
remains 1n V_ and V. In a homogeneous formation, when
the downhole for the tool 1s strictly parallel to conductive
body 301, pure signals from conductive body 301 are
provided according to equation 1. Under this condition, it
the tool were to rotate around conductive body 301, the
received V,, would be a sinusoidal wave as shown in FIG. 5,
that 1s, FIG. § shows a sinusoidal wave resulting from a
received V, signal corresponding to a tool, such as shown in
FIG. 4, at diflerent positions around conductive body 301.
V __has a stmilar shape but with 90 degree phase shift. Thus,
the received voltages can be used to determine the azimuthal
angle of conductive body 301 relative to tool 305.

For the unknown location of a nearby conductive body
301, once the V_ and V, are measured, the azimuthal angle
of conductive body 301 with respect to the x-axis can be
determined by equation 2,

ctg(0=V./V, (2)

where ctg(0) denotes the cotangent function of 0, and the
maximum value of V_, or the magnitude of the sinusoidal
curve 1 FIG. 5, can be determined by equation 3,

(3)

The magmtude given above 1s related to the distance of
conductive body 301 to tool 305. FIG. 6 shows a geometry
for modeling the voltage magnitude to distance relationship.
FIG. 7 shows modeled results of a casing as conductive body
301 in a homogeneous formation, where the casing 1is
located at varying distances from the detecting tool.

2 2
Vinax =V (Vi +V,7)
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The distance from tool structure 305 to conductive body
301 can be derived as a function of the measured voltage
amplitude and the formation resistivity and dielectric con-
stant, 1.e.

d = f(vmaxa R, &) (4)

~ f(V,u. R) at a low frequency band

A two-dimensional look-up table, 1n terms of a voltage
magnitude and formation resistivity, for the distance can be
constructed through forward modeling. A forward model
provides a set of mathematical relationships for sensor
response that can be applied to determiming what a selected
sensor would measure 1n a particular environment, which
may include a particular formation. In an application, with
conductive body 301 being a casing, the casing distance can
be mverted based on the built look-up table by mputting the
measured voltage magnitude and the known or derived
resistivity.

FIG. 8 shows an example embodiment of a tool to detect
a conductive body 401 using two tilted recerver coils. In the
above discussions with respect to FIGS. 3, 4, and 6, coil
receivers are paired to cancel the eflect of the primary
magnetic field. A tilted coil installed concentric with the
collar performs the same as a pair of straight coils 1n
cancellation of the primary magnetic field. Two tilted coils
410-1 and 410-2 can be arranged to function similar to two
pairs of coils. For the simplicity 1n data processing, two
tilted coils can be installed orthogonal to each other, R
(410-1) facing 1n the x-direction, and R, (410-1) facing the
y-direction.

FI1G. 9 shows modeled signals recerved by the tilted coils
R, (410-1) and R, (410-1), such as shown in FIG. 8, at
vartous points of the tool arranged around a casing as
conductive body 401. The signal from R_1s referred to as V_
that reflects the x-component of the magnetic field and the
signal from R, 1s reterred to as V , retlecting the magnitude
ol the y-component of the magnetic field. The curves 1in FIG.
9 show the real signal from the casing. The primary field has
been cancelled by the symmetrical geometry of the tilted
coil. Using the procedure described by equations 2 and 3
applied to the signals from the tilted receivers R, and R, the
azimuthal angle and the distance to the casing can be
determined 1n the similar way as discussed above with
respect to the two pairs of coils. The use of two or more pairs
of coils or a single pair of tilted receivers can be used for
both casing detection and SAGD steering. In addition, a
number of tilted receivers can be used 1n a tool to detect a
conductive body and/or to provide SAGD steering.

Designs using at least two pairs of coil receivers to cancel
the effect of the primary magnetic field or using a pair of
tilted coil installed concentric with the collar on which 1t 1s
attached can automatically cancel the strong primary signals
generated by the currents on the collar. This cancellation
significantly facilitates the extraction of the secondary mag-
netic fields transmitted by a conductive body, such as a
casing, from the received total signal. A tool having receiver
sensors arrangement according to the designs taught herein
can be used on a non-rotational collar and on a rotational
collar. The designs of the tools taught herein provide the
capability of obtaining high reliability and sensitivity.

FI1G. 10 depicts a block diagram of features of an example
embodiment of a system 300 having a tool 505 configured
with sensors arranged such that receiver sensors 310 are
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arranged to substantially cancel a primary signal associated
with a probe signal generated by a transmitter sensor 512
without rotating the receiver sensors 510 to cancel the
primary signal and to capture a secondary signal generated
from a conductive body below the earth’s surface. The
primary signal can be cancelled such that the primary signal
1s completely canceled or cancelled to a level that the
primary signal 1s essentially cancelled. System 500 includes
tool 505 having an arrangement of transmitter sensors 512
and recerver sensors 310 that can be realized 1n a similar or
identical manner to arrangements of sensors discussed
herein. System 500 can be configured to operate 1n accor-
dance with the teachings herein.

System 500 can include a controller 525, a memory 530,
an electronic apparatus 565, and a communications unit 535.
Controller 525, memory 530, and communications unit 535
can be arranged to operate as a processing unit to control
operation of tool 505 having an arrangement of transmitter
sensors 312 and receiver sensors 510 and to perform one or
more inversion operations on the signals collected by tool
503 to determine a distance of tool 503 to a conductive body,
such as a casing or other piping, 1n a manner similar or
identical to the procedures discussed herein. Such a pro-
cessing unit can be realized using a data processing unit 520,
which can be implemented as a single unit or distributed
among the components of system 500 including electronic
apparatus 565. Controller 525 and memory 530 can operate
to control activation of transmitter sensors 512 and selection
of rece1ver sensors 510 1n tool 505 and to manage processing
schemes 1n accordance with measurement procedures and
signal processing as described herein. System 300 can be
structured to function 1n a manner similar to or identical to
structures associated with FIGS. 1-9.

Communications unit 53335 can include downhole commu-
nications for appropriately located sensors. Such downhole
communications can include a telemetry system. Commu-
nications unit 335 may use combinations of wired commu-
nication technologies and wireless technologies at frequen-
cies that do not interfere with on-going measurements.

System 500 can also include a bus 527, where bus 527
provides electrical conductivity among the components of
system 500. Bus 527 can include an address bus, a data bus,
and a control bus, each independently configured or in an
integrated format. Bus 527 can be realized using a number
of different communication mediums that allows for the
distribution of components of system 500. Use of bus 527
can be regulated by controller 525.

In various embodiments, peripheral devices 345 can
include additional storage memory and/or other control
devices that may operate in conjunction with controller 525
and/or memory 530. In an embodiment, controller 325 1is
realized as a processor or a group of processors that may
operate independently depending on an assigned function.
Peripheral devices 545 can be arranged with one or more
displays 555, as a distributed component on the surface, that
can be used with instructions stored in memory 3530 to
implement a user interface to monitor the operation of tool
505 and/or components distributed within system 500. The
user interface can be used to input operating parameter
values such that system 500 can operate autonomously
substantially without user intervention.

FIG. 11 depicts an embodiment of a system 600 at a
drilling site, where system 600 includes a measurement tool
605 configured with sensors, the sensors arranged such that
receiver sensors are arranged to substantially cancel a pri-
mary signal associated with a probe signal generated by a
transmitter sensor without rotating the receiver sensors to
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cancel the primary signal and to capture a secondary signal
generated from a conductive body below the earth’s surface.
The primary signal can be cancelled such that the primary
signal 1s completely canceled or cancelled to a level that the
primary signal 1s essentially cancelled. System 600 includes
tool 605 having arrangements of transmitters and receivers
that can be realized in a similar or i1dentical manner to
arrangements discussed herein.

System 600 can include a drilling rig 602 located at a
surtace 604 of a well 606 and a string of drill pipes, that 1s,
drill string 608, connected together so as to form a drilling
string that 1s lowered through a rotary table 607 into a
wellbore or borehole 612. The drilling rig 602 can provide
support for drill string 608. The drill string 608 can operate
to penetrate rotary table 607 for drilling a borehole 612
through subsurface formations 614. The drill string 608 can
include drill pipe 618 and a bottom hole assembly 620
located at the lower portion of the drll pipe 618.

The bottom hole assembly 620 can include drnll collar
615, measurement tool 605 attached to drill collar 615, and
a drill bit 626. The drill bit 626 can operate to create a
borehole 612 by penetrating the surface 604 and subsurface
formations 614. Measurement tool 605 can be structured for
an 1implementation 1n the borehole of a well as a measure-
ments-while-drilling (MWD) system such as a logging-
while-drilling (LWD) system to detect a casing or other
conductive body 1n another borehole or to provide SAGD
steering. Measurement tool 605 can be structured for an
implementation in an ofifshore environment. The housing
containing measurement tool 605 can include electronics to
activate transmitters of measurement tool 605 and collect
responses from receivers of measurement tool 605. Such
clectronics can include a data processing unit to analyze
signals sensed by measurement tool 6035 and provide mea-
surement results, such as distance and direction from tool
605 to a conductive body, to the surface over a standard
communication mechamsm for operating a well. Alterna-
tively, electronics can include a communications 1nterface to
provide signals sensed by measurement tool 605 to the
surface over a standard communication mechanism for
operating a well, where these sensed signals can be analyzed
at a processing unit at the surface.

In various embodiments, measurement tool 605 may be
included 1n a tool body 670 coupled to a logging cable 674
such as, for example, for wireline applications. Tool body
670 containing measurement tool 605 can include electron-
ics to activate transmitters of measurement tool 605 and
collect responses from receivers ol measurement tool 605.
Such electronics can include a data processing unit to
analyze signals sensed by measurement tool 605 and provide
measurement results, such as distance and direction from
tool 6035 to a conductive body, to the surface over a standard
communication mechamsm for operating a well. Alterna-
tively, electronics can include a communications interface to
provide signals sensed by measurement tool 6035 to the
surface over a standard communication mechanism for
operating a well, where these collected sensed signals are
analyzed at a processing unit at the surface. Logging cable
674 may be realized as a wireline (multiple power and
communication lines), a mono-cable (a single conductor),
and/or a slick-line (no conductors for power or communi-
cations), or other appropriate structure for use in bore hole
612.

During drilling operations, the drill string 608 can be
rotated by the rotary table 607. In addition to, or alterna-
tively, the bottom hole assembly 620 can also be rotated by
a motor (e.g., a mud motor) that i1s located downhole. The
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drill collars 615 can be used to add weight to the drill bat
626. The drill collars 615 also can stiflen the bottom hole
assembly 620 to allow the bottom hole assembly 620 to
transier the added weight to the drill bit 626, and i turn,
assist the drill bit 626 1 penetrating the surface 604 and
subsurface formations 614.

During drnlling operations, a mud pump 632 can pump
drilling fluid (sometimes known by those of skill in the art
as “drilling mud™) from a mud pit 634 through a hose 636
into the drnll pipe 618 and down to the drill bit 626. The
drilling fluid can flow out from the drill bit 626 and be
returned to the surface 604 through an annular areca 640
between the drill pipe 618 and the sides of the borehole 612.
The drilling fluid may then be returned to the mud pit 634,
where such fluid 1s filtered. In some embodiments, the
drilling fluid can be used to cool the drill bit 626, as well as
to provide lubrication for the drill bit 626 during drilling
operations. Additionally, the drilling fluid may be used to
remove subsurface formation 614 cuttings created by oper-
ating the drill bit 626.

Although specific embodiments have been illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that any arrangement that 1s calculated to
achieve the same purpose may be substituted for the specific
embodiments shown. Various embodiments use permuta-
tions and/or combinations of embodiments described herein.
It 1s to be understood that the above description 1s intended
to be 1llustrative, and not restrictive, and that the phraseol-
ogy or terminology employed herein 1s for the purpose of
description. Combinations of the above embodiments and
other embodiments will be apparent to those of skill in the
art upon studying the above description.

What 1s claimed 1s:

1. A method comprising:

generating a probe signal into a formation below the

carth’s surface from a transmitting sensor of a tool
disposed below the earth’s surface;
receiving voltage signals 1n receiving sensors of the tool
in response to generating the probe signal, the receiving
sensors arranged 1n pairs to substantially cancel a
magnetic field of a primary signal associated with the
probe signal without rotating the receiving sensors to
cancel the magnetic field of the primary signal and to
capture a magnetic field of a secondary signal gener-
ated from a conductive body being a structure other
than the formation and the tool, wherein the receiving
sensors include two tilted sensors such that the two
tilted sensors are arranged non-perpendicular to a lon-
gitudinal axis of the tool and orniented; and

determining an azimuthal angle associated with the con-
ductive body using the voltage signals and a distance to
the conductive body determined using a magnitude of
the voltages signals, formation resistivity, and dielec-
tric constant.

2. The method of claim 1, wherein generating the probe
signal from the transmitting sensor includes using an electric
dipole source to induce an electric current 1n a region outside
the tool.

3. The method of claim 1, wherein receiving signals 1n
receiving sensors of the tool includes using two sets of
non-parallel antennas as receiver sensors.

4. The method of claim 1, wherein the method includes
positioning the tool approximately parallel to the conductive

body.



Us 9,810,805 B2

11

5. The method of claim 1, wherein determining the
azimuthal angle and the distance includes determining the
azimuthal angle and the distance, while the tool 1s mounted
on a non-rotational collar.

6. The method of claim 1, wherein the tilted sensors are
installed concentrically on a collar on which the tool 1is

mounted.

7. The method of claim 6, wherein the tilted sensors are
oriented orthogonal to each other.

8. The method of claim 1, wherein determining the
azimuthal angle and the distance includes determining char-
acteristics of the conductive body.

9. The method of claim 8, wherein determining charac-
teristics of the conductive body includes whether the con-
ductive body 1s a casing associated with a well.

10. A non-transitory machine-readable storage device
having istructions stored thereon, which, when performed
by a machine, cause the machine to perform operations, the
operations comprising:

generating a probe signal mnto a formation below the

carth’s surface from a transmitting sensor ol a tool
disposed below the earth’s surface;
receiving voltage signals 1n receiving sensors of the tool
1n response to generating the probe signal, the receiving
sensors arranged i1n pairs to substantially cancel a
magnetic field of a primary signal associated with the
probe signal without rotating the receiving sensors to
cancel the magnetic field of the primary signal and to
capture a magnetic field of a secondary signal gener-
ated from the conductive body being a structure other
than the formation and the tool, wherein the receiving
sensors 1nclude two tilted sensors such that the two
tilted sensors are arranged non-perpendicular to a lon-
gitudinal axis of the tool and onented; and

determining an azimuthal angle associated with the con-
ductive body using the voltage signals and a distance to
the conductive hod determined using a magnitude of
the voltages signals, formation resistivity, and dielec-
tric constant.

11. The non-transitory machine-readable storage device
of claim 10, wherein generating the probe signal from the
transmitting sensor 1ncludes using an electric dipole source
to mnduce an electric current 1n a region outside the tool.

12. The non-transitory machine-readable storage device
of claim 10, wherein receiving signals 1n receiving sensors
of the tool includes using two sets of non-parallel antennas
as receiver Sensors.

13. The non-transitory machine-readable storage device
of claim 10, wherein receiving signals 1n receiving sensors
of the tool includes using the tilted sensors installed con-
centric on a collar on which the tool 1s mounted.

14. The non-transitory machine-readable storage device
of claim 10, wherein the tilted sensors are oriented orthogo-
nal to each other.

15. The non-transitory machine-readable storage device
of claam 10, wherein the 1nstructions include 1nstructions to
position the tool approximately parallel to the conductive
body.

16. The non-transitory machine-readable storage device
of claim 10, wherein determining the azimuthal angle and
the distance includes determining the azimuthal angle and
the distance, while the tool 1s mounted on a non-rotational
collar.

17. The non-transitory machine-readable storage device
of claam 10, wherein processing the received signals
includes determining characteristics of the conductive body.
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18. The non-transitory machine-readable storage device
of claam 17, wherein determiming characteristics of the
conductive body includes whether the conductive body 1s a
casing associated with a well.

19. A system comprising:

a transmitter sensor and receiver sensors disposed on a
structure, the receiver sensors including two tilted
sensors arranged such that the two tilted sensors are
non: perpendicular to a longitudinal axis of the struc-
ture and oriented, the two tilted sensors to operate as a
pair to substantially cancel a magnetic field of a pri-
mary signal associated with a probe signal generated by
the transmitter sensor into the formation without rotat-
ing the receiver sensors to cancel the magnetic field of
the primary signal and to capture a magnetic field of a
secondary signal generated from a conductive body 1n
the formation below the earth’s surface, the conductive
body being different from the formation, the conductive
body separate from the structure;

a control unit operable to manage generation of the probe
signal from the transmitter sensor and to manage col-
lection of received voltage signals at the receiver
sensors; and

a data processing unit to determine an azimuthal angle
associated with the conductive body using the voltage
signals and a distance to the conductive body using a
magnitude of the voltage signals, formation resistivity
and dielectric constant.

20. The system of claim 19, wherein the transmitter sensor
includes a focused electric dipole source to induce an
clectric current 1n a region exterior to the structure.

21. The system of claim 19, wherein the receiver sensors
include two sets of coil antennas such that the two sets are
non-parallel.

22. The system of claim 19, wherein the receiver sensors
includes two sets of non-parallel coil antennas such that each
pair of the two sets of non-parallel coil antennas are sym-
metrically istalled with respect to a plane that 1s aligned
with a longitudinal axis of the structure.

23. The system of claim 19, wherein the system includes
a machine: readable storage device having instructions
stored thereon, which, when performed by the system, cause
the system to perform operations, the operations comprising
operations to:

generate the probe signal from the transmitter sensor
disposed below the earth’s surface;

recerve signals in the receiver sensors in response to
generating the probe signal; and

process the received signals to determine the position of
the conductive body.

24. The system of claim 19, wherein the transmitter
sensor, the receiver sensors, the control unit, and the data
processing unit are operatively positioned approximately
parallel to the conductive body.

25. The system of claim 19, wherein the data processing
unmit 1s arranged to determine the azimuthal angle and the
distance while the tool 1s mounted on a nonrotational collar.

26. The system of claim 19, wherein the tilted sensors are
installed concentrically on the structure.

277. The system of claim 26, wherein the tilted sensors are

oriented orthogonal to each other.

28. The system of claim 19, wherein the data processing,
unit 1s arranged to operatively determine characteristics of
the conductive body.
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29. The system of claim 28, wherein the characteristics of
the conductive body include whether the conductive body 1s
a casing associated with a well.
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In the Claims
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